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 
Abstract—This paper proposes a frequency regulation strategy 
applied to wind turbine generators (WTGs) in an isolated grid. In 
order to complement active power shortage caused by load or 
wind speed change, an improved deloading method is proposed to 
improve the regulation capabilities in different speed sections and 
to provide WTG power reserves. Considering torque 
compensation may cause power fluctuation, speed reference of 
conventional pitch control system should be reset. Moreover, to 
suppress disturbances caused by load and wind speed as well as 
overcome dependence on system parameters, a model predictive 
controller (MPC) is presented to generate torque compensation 
for each deloaded WTG, which allows each WTG to react to the 
disturbance differently, depending on its generator speed and the 
frequency deviation. Hardware-in-the-loop simulation and 
experimental results show that the proposed strategy can enhance 
frequency response ability during load changes and smoothen 
power fluctuations resulting from wind speed variations. 
 
Index Terms—Deloading method, frequency regulation, model 
predictive control (MPC), torque compensation control, wind 
turbine generator (WTG). 
 
NOMENCLATURE 
Pe,farm                                               Wind farm output power 
i                                                               Index for WTGs, i=1, 2, 3, 4 
Pe,i                                                                Output power of WTG i 
Pm                                                           Mechanical power of WTG 
Pe,nom                                                 The rated power of WTG 
Pdev                                                              Power deviation 
Pd                                                                 Diesel generator output power 
Pl                                                                Load power 
Vw                                                                               Wind speed 
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Vw,i                                                                    Wind speed of WTG i 
ρ                                                                              Density of air 
Cp                                                                    wind power utilization coefficient 
λ                                                                                           Tip speed ratio 
β                                                                                          Pitch angle 
Ar                                                                           Swept area of wind turbine 
c1, c2, c3, c4, c5, c6      Fitting coefficients 
Te                                                                                 Electric magnetic torque 
Te,i                                                                          Electric magnetic torque of WTG i  
Te,nom                                       The rated torque of WTG 
Tm                                                                         Mechanical torque of WTG 
Te,com                                                    Torque compensation 
Te,comi                                                 Torque compensation of WTG i 
Te,deli                                                  Deloading torque of WTG i 
kopt                                                             Optimal factor 
ωr                                                                    Angular speed 
ωr,i                                                             Angular speed of WTG i 
ω0                                                      Cut-in angular speed 
ω1                                                              Initial angular speed of transition section 
ωr,nom                                                 The rated speed of WTG 
ωr,max                                                  The speed up limit 
*
r                                                           Speed reference of pitch system 
τβ                                                                     Mechanical time constant of pitch servo 
M                                                                          Inertia coefficient of synchronous generator 
D                                                                        Load damping coefficient 
H                                                                            Inertia coefficient of WTG 
Td, Tg                      Mechanical time constants of engine and governor 
                                         respectively 
KI                                                                     Integral coefficient of diesel generator 
R                                                                              Droop factor of diesel generator 
kf, kf1, kf2                            Deloading factors 
KP                                                              Variable droop factor 
f, fdev                                                    Isolated grid frequency and frequency deviation 
fdev(k+1|k)                         Predictive value of frequency deviation at instant k 
fdev,m(k+1|k)          Modified predictive value of frequency deviation 
μ                                                                                              Correction factor 
ε, α                                                                                              Weights of error of frequency deviation and torque 
                                                                                                       compensation in the performance evaluation  
function respectively 
min
,e iT ,
max
,e iT                Minimum and maximum of torque of WTG i 
min
,e comiT ,
max
,e comiT       Minimum and maximum of torque compensation 
                                                                                                           of WTG i 
min
devf ,
max
devf                 Minimum and maximum of frequency deviation 
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min max
, ,,e farm e farmP P        Minimum and maximum of output power 
ΔPe,farm                                                Active power change 
I. INTRODUCTION 
N an isolated grid containing wind turbine generators (WTGs) 
and conventional synchronous generators, frequency 
stability is a key index which is commonly supported by the 
synchronous generators. Due to the large installation of WTGs 
with a high penetration, limited synchronous generators could 
not be able to provide the required active power for frequency 
regulation. Stochastic natures of wind energy make power 
balance difficult. Meanwhile, load change may lead to 
frequency instability [1]-[3]. The limitation on the regulating 
ability of synchronous generator brings a serious challenge to 
frequency stability of an isolated grid. Consequently, there is an 
urgent need for WTGs to participate in regulating frequency [4], 
[5]. 
The frequency stability of isolated grid could not depend on 
WTGs completely. However, within a certain extent, WTGs 
have the ability to regulate frequency [6]-[8]. Some possible 
regulation schemes were proposed, such as a coordination of 
WTGs with energy storage system (ESS), pitch control and 
converter control [9], a coordinated control strategy with 
battery-based ESS of wind farm for supporting primary 
frequency [10], and combined frequency regulation strategies 
of WTGs with flywheels, fuel cells, ultracapacitors etc. 
[11]-[13]. The coordinated control method with ESS enhanced 
ability of regulating frequency [14]. However, in addition to the 
complexity of communication interactions, the required 
capacity and associated economic costs have to be taken into 
account when ESSs are used for wind farms [15], [16]. Model 
predictive control (MPC) was applied to the pitch system for 
frequency regulation in microgrid [17]. Due to the delay 
characteristic of pitch actuator, WTGs could not fully regulate 
the frequency when relying only on pitch control system. 
The method of regulating frequency with converter control 
has the advantages of low cost, simple application and fast 
response. Two schemes of converter control were studied. One 
scheme is that WTG runs in the maximum power point tracking 
(MPPT) condition, and the power response to frequency 
variation for short time is achieved by inertia characteristic and 
kinetic energy. However, due to the rapid change of WTG 
speed, severe instability of system is easily caused [18]-[20]. 
Another scheme is that WTG does not track the maximum 
power point and the power reserve is achieved by 
under-speeding or over-speeding control methods. The WTG is 
deloaded to possess power reserves for frequency regulation in 
[21], [22]. Power reserves of deloaded WTGs result in energy 
losses. The power reserve in a high-speed section is larger than 
that in a low-speed section, but few studies consider to reduce 
the gap of frequency response capabilities in different WTG 
speed sections. 
In terms of power response to frequency variation, the most 
popular control strategy applied to WTG is the variable droop 
control. In [23], based on the deloaded WTG, variable droop 
control was proposed to support an isolated grid under 
depressed frequency condition, but utilizing wind speed as an 
input variable may not be appropriate for actual applications. 
Furthermore, torque and power droop controllers based on 
linearized models of generator-side converter were compared 
in [24]. But the condition of over rated speed has not been 
considered in the linearized models. The dependence of 
variable droop controller on some system parameters leads to 
poor system stability. 
Furthermore, H∞ and µ-synthesis robust control techniques 
were used to develop the secondary frequency control loop [25]. 
But this paper focused on how to dispatch instructions to each 
WTG directly for primary frequency regulation. Reference [26] 
proposed a fuzzy-logic based frequency controller for wind 
farms to improve the primary frequency response. The inputs of 
the fuzzy-logic based frequency controller are wind speed and 
frequency. Reference [27] designed a central controller based 
on MPC and some Kalman filters to improve wind farm 
performance in frequency regulation. The task of Kalman 
filters is to estimate wind speed sent to MPC. Thus, the 
performances of the presented strategy depend on the accuracy 
of the predicted wind speed. The use of wind speed in these 
controllers is to obtain the possible output power of a WTG. 
However, in the actual practical scenario, wind speed is not 
suggested as an input signal of the controller. In the MPC 
controller presented in this paper, WTG speed is considered as 
a control variable instead of wind speed. Meanwhile, in order to 
utilize WTGs for regulating frequency actively, the presented 
MPC scheme of this paper has the ability of frequency 
prediction. 
In this paper, the deloaded WTGs are adopted to regulate 
frequency without special ESS. To reduce the gap of 
inconsistent regulation capacities in different speed, an 
improved deloading method is presented. The operation of 
deloaded WTG participated in frequency regulation is different 
from conventional WTG. Thus, speed reference of pitch control 
system is reset to adjust power effectively. MPC controller is 
presented to compensate torque which not only enhances the 
anti-load disturbance ability and smoothens wind farm output 
in the whole range of wind speed, but also reduces the 
dependence on system parameters. The proposed controller 
mainly responds to WTG speed and frequency deviations 
caused by load and wind speed changes. When frequency 
deviation is stable at zero, the wind farm has no power 
compensation. 
This paper is organized as follows. Section II describes the 
isolated grid configuration. Section III proposes the improved 
deloading method. Characteristics of deloaded WTG with 
torque compensation are analyzed in section IV. MPC is 
designed in Section V. The hardware-in-the-loop simulation 
and experimental results are shown in Section VI. Finally, the 
conclusion is drawn. 
II. ISOLATED GRID 
An isolated grid comprising of four permanent magnet 
synchronous generators (PMSG) based wind turbines and one 
diesel engine driven synchronous generator is shown in Fig. 1. 
Each WTG is of 1.5 MW and the diesel generator is of 5 MW. 
I 
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The PMSG is connected to the isolated grid by back-to-back 
converter. The wind turbine model is given by (1). 
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The traditional MPPT control is to achieve the maximum 
wind energy of each wind turbine. The electric magnetic torque 
Te,i with MPPT control is calculated by (2) [28]. 
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 (2) 
In order to enhance anti-disturbance ability of the isolated 
grid, WTGs are deloaded to participate in regulating frequency. 
On the one hand, WTGs would supply power shortage when 
load changes suddenly. On the other hand, output power of 
wind farm would be smoothed. Thus, deloaded wind farm has 
evident advantages for improving the frequency stability.  
The model of the WTG is shown in Fig. 2(a). In the pitch 
system, classical PI controller is to stabilize WTG speed at the 
reference 
*
r . In Fig. 2(b), frequency deviation fdev sent to MPC 
is obtained by frequency dynamic model Hg(s). A central MPC 
controller is used to compensate torque of all WTGs and 
regulate frequency. Torque compensations, Te,com1, Te,com2, 
Te,com3 and Te,com4 are sent to each WTG. With the same control 
methods, the four WTGs are participated in frequency 
regulation. The governor and engine dynamics of the diesel 
generator are modeled as in [29]. To quickly compensate output 
power of deloaded WTG and enhance system robustness when 
power fluctuates in isolated grid. The electric magnetic torque 
is adopted as follows: 
, , , .e i e deli e comiT T T                                     (3) 
The typical Cp – λ curves are shown in Fig. 3. Under different 
pitch angles, maximum Cp curve is achieved by MPPT. 
Traditional WTG commonly operates at maximum Cp curve for 
maximum power, and deloaded WTG operates at deloading Cp 
curve which is on the right of maximum Cp curve. Thus, 
deloading Cp of WTG is increased or decreased when 
frequency is changed. Deloaded WTG has a certain regulating 
capacity based on over-speeding control [21], [22]. 
The power-frequency regulation of generator can be set by 
adjusting its control system [30], [31]. Thus, to enhance 
frequency stability of an isolated grid, conventional droop 
control method is adopted generally [32]-[34]. Reference [24] 
proposed torque droop controller for deloaded WTGs as 
follows:  
2 *( ).e f opt r PT k k K f f                        (4) 
WTG meets power demand of isolated grid by changing the 
droop factor. If KP is small, frequency modulation capability of 
the deloaded WTG is weakened. If KP is great, the 
compensations may worsen system stable operation. 
III. DELOADING METHOD FOR WTGS 
WTG can be deloaded to keep some power reserves for 
regulating frequency. Deloading factors kf1 and kf2 (0< kf1< kf2< 
1) are introduced in this paper. Corresponding relationship of 
torque and speed for deloaded WTG is shown in Fig. 4. The 
torque curve with deloading factor kf2 is between the torque 
curves with deloading factor kf1 and MPPT. The power 
regulating capacity provided with kf1 is larger than that with kf2, 
while operation with MPPT would have no power reserves. The 
selection of deloading factors have an influence on the output 
power of WTG. At a wind speed higher than the rated wind 
Equation(1)
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Fig. 2. (a) Model of deloaded WTG. (b) Implementation of the isolated grid for 
frequency regulation studies. 
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Fig. 3.  The typical Cp - λ curves. 
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Fig. 1.  Isolated grid frame. 
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speed, in order to obtain 0.1 pu power reserve, kf2 is selected as 
0.9. kf1 presents higher power reserves but causes more energy 
loss. At a wind speed lower than the rated wind speed, kf2 may 
not be able to provide sufficient power reserve to contribute to 
frequency regulation. Therefore, kf1 may be selected as 0.8 to 
give more power reserves. The deloading factors may vary 
theoretically from 1 (no reserve) to 0 (total curtailment). The 
selection of deloading factors is related to capacity of a WTG 
and grid requirement [35]. Three specific speed sections are 
defined as follows. 
Section 1: 0 , 1r i    . Due to the less output power, the 
deloading factor kf1 in this section is selected for possessing 
more power reserves. 
Section 2: 1 , ,r i r nom    . This section is the transition 
between Sections 1 and 3. The torque reference is proportional 
to the speed, and the red transition curve as shown in Fig. 4 is 
adopted for smooth output power. 
Section 3: , ,r nom r i r,maxω ω ω  . WTG speed is higher than the 
rated speed, and the WTG is in the constant power state. The 
regulating capacity of WTG is at the highest. Thus the 
deloading factor kf2 may be selected for a certain power 
reserves. The power reserve of WTG in this section is larger 
than that in section 1.  
Based on the above characteristics, the proposed deloading 
torque Te,deli is calculated by (5). 
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  (5) 
To analyze the performances of the deloading method, 
simulation of deloaded WTG is complemented with deloading 
factors kf1 and kf2. The relationship between deloaded power 
and angular speed is shown in Fig. 5. The shaded part in Fig. 5 
is the area of adjustable power from the deloaded WTG. 
IV. ANALYSIS OF DELOADED WTG WITH TORQUE 
COMPENSATION 
Steady-state performances of the deloaded WTG with the 
compensation are simulated at different wind speeds. The 
simulation results are shown in Table I and Table II. 
In Table I, the WTG is only deloaded without torque 
compensation when Te,com is zero. The torque and power of the 
deloaded WTG increase with the increase of Te,com. At the wind 
speed of 10 m/s, the WTG’s speed gradually decreases. At the 
wind speed of 13.5 m/s, the WTG operates at 1.05 pu of the 
rated speed by pitch control system. It can be seen from the 
comparison of Te,com with Pe, the greater absolute value of Te,com 
is, the more active power can be compensated. In the 
steady-state condition, the power reserve in speed section 1 is 
less than that in speed section 3, and inertial response would be 
used to obtain more available power in speed section 1 for short 
time. The gap of inconsistent regulation capacities between 
different sections is reduced, which explains the rationality of 
adopting different deloading factors according to speed 
sections. 
The control laws of steady-state condition in the whole range 
of wind speed are shown in Fig. 6. Compared with MPPT 
control strategy, deloaded WTG would reach the rated speed 
and begin operation of pitch system when wind speed 
approaches the rated value. Cp with the deloading method is 
less than the value with MPPT. In other words, the output 
power of WTG is derated by keeping certain power reserve. 
At under-rated wind speed, the deloaded WTG operates at 
point A as shown in Fig. 5. If the load increases and grid 
frequency decreases, WTG adjusts output power. Due to rapid 
increase of output power, the WTG’s operation point moves to 
point B. Furthermore, power increase results in speed decrease, 
and then the operation point moves to point C. If the grid 
frequency deviation is stable at zero, the output power will be 
reduced back to point A. However, at over-rated wind speed, if 
the deloaded WTG increases torque to supply power shortage, 
and adjustment of pitch angle is not timely, the speed would be 
decreased from the rated value, which leads to Te,del decreasing 
and power concussion phenomenon. At this point, WTG speed 
TABLE I 
OUTPUT CHARACTERISTICS OF THE DELOADED WTG AT 10 m/s 
,  (pu)e comT   (pu)r   (pu)eT   (pu)eP  
Power  
reserve (pu) 
-0.2 0.9737 0.5443 0.5299 0 ~ 0.0488 
-0.1 0.9591 0.5623 0.5393 -0.0094 ~ 0.0394 
0 0.9195 0.6088 0.5598 -0.0299 ~ 0.0189 
0.1 0.8772 0.654 0.5737 -0.0438 ~ 0.005 
0.2 0.8306  0.6967  0.5787 -0.0488 ~ 0 
TABLE II 
OUTPUT CHARACTERISTICS OF THE DELOADED WTG AT 13.5 m/s 
,  (pu)e comT   (pu)r   (pu)eT   (pu)eP  
Power  
reserve (pu) 
-0.2 1.05 0.6571 0.7 0 ~ 0.3 
-0.1 1.05 0.7571 0.795 -0.095 ~ 0.205 
0 1.05 0.8571 0.9 -0.2 ~ 0.1 
0.1 1.05 0.9571 1 -0.3 ~ 0 
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Fig. 4.  The torque of WTG with different deloading factors. 
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Fig. 5.  The output power of deloaded WTG. 
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would be influenced by strong coupling of deloading torque 
controller, torque compensation controller and pitch controller. 
Therefore, traditional speed reference ωr,nom of pitch control 
system is not suitable for regulating frequency, and new speed 
reference ω2 of pitch control system should be set. The purpose 
is to ensure effectively regulating power and extend regulation 
time for pitch control system response. 
Moreover, simulation above the rated wind speed is 
conducted, and results are shown in Fig. 7. The new speed 
reference is reset at 1.05 pu. Torque compensation is increased 
by 0.06 pu. With the improved control strategy, deloaded WTG 
increases power to 0.96 pu rapidly, and its speed has some jitter. 
With traditional control strategy, deloaded WTG increases 
power to 0.96 pu rapidly. But due to the torque compensation, 
WTG power is reduced immediately. It is necessary to reselect 
the speed reference of pitch system. The speed reference is 
determined by WTG performances and the maximum of torque 
compensation. 
V. DESIGN OF MODEL PREDICTIVE CONTROLLER 
A. Overall Description 
Model predictive control adopts non-parametric model based 
on impulse response as the internal model. System status in the 
future is predicted by considering status and controls in the past 
and present. Then current optimal control states are obtained 
according to the system expected values. 
MPC is essentially a kind of closed loop optimal control 
algorithm based on the model in the finite time horizon, which 
is composed of three parts: prediction model, feedback 
correction and rolling optimization [36]-[38]. In the sampling 
period Ts, the controller takes current status as initial status. 
Prediction results are obtained based on the prediction model, 
and the current optimal control states are obtained by solving a 
finite time optimal control problem with online rolling. In this 
paper, the MPC is used to predict isolated grid frequency, 
obtain torque compensation and inhibit frequency fluctuations. 
The specific block diagram of MPC is shown in Fig. 8. 
B. Prediction Model and Feedback Correction 
The frequency deviation in an isolated grid is calculated by 
(6). 
,
1
1
( )( ),
n
dev e i d l
i
f P P P
Ms D
  

                 (6) 
where , , ,e i e i r iP T ω  is output power of WTG i. Then (6) can be 
written as: 
,
1
1
( ).
n
dev dev
e i d l
i
df Df
P P P
dt M M 
                  (7) 
Furthermore, according to (7), the first-order Euler 
discretization is obtained by (8). 
, ,
1
, ,
1
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n
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

   



(8) 
where Te,comi(k) is the torque compensation at instant k. 
Due to lack of accuracy for the prediction model system 
caused by sensor sampling interference and other factors in the 
actual system, a certain deviation between predictive frequency 
and actual frequency is generated. In order to improve the 
accuracy of predictive frequency, feedback correction is 
introduced by (9). 
,m( 1 ) ( 1 ) ( ),dev devf k k f k k x k                   (9) 
where x(k) is a correction term and obtained by (10). 
,m( ) ( ) ( 1) .dev devx k μ f k f k k                    (10) 
Too large or small correction factor would affect the 
predicted frequency. The selection of correction factor is 
related to the frequency prediction model. In this paper, the 
correction factor is 0.1. 
C. Rolling Optimization 
At instant k, torque compensation control target is to make 
the prediction of the frequency deviation as close as possible to 
the reference in the next instant. Meanwhile, torque 
compensation is expected to change appropriately, too large 
compensations may cause deloaded WTGs oscillation or even 
stop. Thus, the performance evaluation function of torque 
compensation control is presented in (11). 
2
* 2
,m ,com
1
( ) ( 1) ( 1 ) ( ).
n
dev dev e i
i
J k ε f k f k k α T k

         (11) 
Then the optimal torque compensation is transformed into 
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Fig. 6.  The control laws of the deloaded WTG. 
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Fig. 7.  Different responses of WTG when increasing torque compensation. 
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Fig. 8.  Block diagram of MPC method. 
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solving performance evaluation function minimization. Take 
the derivative of (11), and the optimal torque compensation of 
WTG i is calculated by (12). 
*
, 2
( ) ( 1) ( 1 ) ( )
( ) ,
( )
dev dev
e comi
εc k f k f k k x k
T k
εc k α
     


     (12) 
where 
,( ) ( )
s
r i
T
c k ω k
M
 . In addition, to make the system 
operation stable, the following restrictions are required in (13). 
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T T k T
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 
                     (13) 
At instant k+1, the optimization process is repeated by using 
the key data at k instant. It can be seen that the optimal torque 
compensation is determined by not only frequency deviation, 
but also WTG speed. The overall compensation control strategy 
of the wind farm is shown in Fig. 9. 
VI. SIMULATION AND EXPERIMENT 
In order to verify the effectiveness of the proposed control 
strategy, simulation and experiment comparisons are conducted 
with MPPT control and variable droop control based on 
deloading method (defined as Droop) in different cases. 
A. Hardware-in-the-Loop Simulation 
Hardware-in-the-loop simulation platform is built as shown 
in Fig. 10. The wind farm, diesel generator and load are 
simulated by RTLAB real-time simulator, and the frequency 
regulation strategy is downloaded into the peripheral control 
panel. Technical parameters of PMSG-based wind turbines are 
shown in Table III.  
Case 1: all WTGs participate in frequency regulation when 
load changes 
The wind speeds of WTG 1, WTG 2, WTG 3 and WTG 4 are 
set at 10 m/s, 11 m/s, 12 m/s and 13 m/s respectively. 
Simulation period is 60 s. During 0-20 s, the WTGs tend to be 
stable gradually and load capacity is 9.25 MW. Load capacity 
dips to 8.25 MW at 20 s, and rises to 9.25 MW at 40 s as shown 
in Fig. 11(a). The simulation results are shown in Fig. 11 to Fig. 
14 when wind speeds are constant. 
When load changes suddenly in the isolated grid, torque 
compensation component of each WTG is zero with MPPT 
control, and output power is constant. The deloaded WTGs 
adjust output power with torque compensation control. In Fig. 
11(b), at constant wind speed, wind farm output power is 5 MW 
with MPPT control. Wind farm with Droop and MPC adjusts 
output power at 20 s and 40 s. It can be seen that the wind farm 
output responds to frequency deviation. When load changes 
and frequency deviation increases, WTGs regulate output 
power until frequency deviation back to zero. The diesel 
generator outputs are shown in Fig. 11(c). The power change of 
diesel generator is the largest when WTGs with MPPT control. 
When WTGs adopt MPC, the power fluctuation of diesel 
generator is minimized. Frequency deviations with different 
control methods are shown in Fig. 11(d). As a result of no 
torque compensation, frequency deviation with MPPT control 
is the biggest, and the deviation amplitude with MPC is reduced 
to a minimum. The torque compensations of WTGs are shown 
in Fig. 12. The torque compensations are reduced from 20 s and  
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Fig. 9.  Block diagram of torque compensation strategy in wind farm. 
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Fig. 10.  Hardware-in-the-loop simulation platform. 
TABLE III 
PARAMETERS OF PMSG-BASED ON WIND TURBINE 
System Parameters Values 
Wind turbine Rated wind speed 12 m/s 
 Turbine diameter 77 m 
PMSG Rated power 1.5 MW 
 Rated speed 2.72 rad/s 
 
0 10 20 30 40 50 60
-0.8
-0.4
0
0.4
0.8
 
 
20.4 22
0.4
0.5
0.6
40.4 42
-0.6
-0.5
-0.4
0 10 20 30 40 50 60
4.4
4.8
5.2
P
e
,f
ar
/M
W
 
 
MPPT Droop MPC
0 10 20 30 40 50 60
2.8
3.8
4.8
P
d
/M
W
 
 
(b)
(d)
Time(s)
P
e,
fa
rm
(M
W
)
(c)
P
d
(M
W
)
fd
ev
(H
z)
P
l(
M
W
)
(a)
0 10 20 30 40 50 60
8
8.8
9.6
 
Fig. 11.  Simulation results when all WTGs participate in frequency 
regulation. 
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increased from 40 s with Droop and MPC. The maximum 
amplitude of compensation is about 0.06pu with MPC. The  
minimums of torque compensation of WTGs with MPC are 
-0.056 pu, -0.060 pu, -0.065 pu and -0.065 pu, the maximums 
of torque compensation with MPC are 0.055 pu, 0.060 pu, 
0.064 pu and 0.064pu respectively. The compensations with 
MPC are determined by frequency deviation and the WTG 
speeds. However, the compensations with Droop control are 
not relatively strong, and they rely too much upon the droop 
factors. Speed waveforms of WTGs with MPPT control are 
constant in Fig. 13. Due to the torque compensations, WTG 
speeds are changed correspondingly with Droop and MPC. 
WTG 1 operates in section 1, WTG 2 operates in section 2, 
WTG 3 and WTG 4 operate in section 3. Outputs of WTGs with 
MPC and Droop control are reduced at 20 s, and increased at 40 
s as shown in Fig. 14. The power compensations of WTGs in 
section 3 are larger than those in sections 1 and 2. Due to the 
power reserves and inertias of WTG 1 and WTG 2, their 
outputs with MPC and Droop control are more than those with 
MPPT control during a short period. The power amplitudes of 
four WTGs with MPC are slightly higher than those with Droop 
control. Compared with Droop control, the torque 
compensations and regulating redundancies with MPC are 
higher. 
Case 2: two WTGs participate in frequency regulation when 
load changes 
In this case, the simulation condition is set to the same as 
Case 1. In order to take the different number of WTGs into 
action for comparison, only WTG 3 and WTG 4 participate in 
frequency regulation. The simulation results are shown in Fig. 
15 to Fig. 18. 
Load change is shown in Fig. 15(a). When load changes 
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Fig. 15.  Simulation results when two WTGs participate in frequency 
regulation. 
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Fig. 12.  Torque compensation waveforms when all WTGs participate in 
frequency regulation. 
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Fig. 13.  Speed waveforms when all WTGs participate in frequency regulation. 
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Fig. 14.  Power waveforms when all WTGs participate in frequency regulation. 
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suddenly, two WTGs regulate output power to suppress 
frequency change. The difference of frequency deviation in Fig. 
11(d) and Fig. 15(d) is not evident. The simulation results of 
four WTGs are shown in Fig. 16 to Fig. 18. It can be seen, the 
torque compensation components, angular speed, and output 
power of WTGs 1 and 2 are constant, because WTGs 1 and 2 do 
not participate in the frequency regulation action, the outputs of 
WTG 3 and 4 are slightly more than that in case 1. 
Due to reduction number of WTG into action, especially the 
WTGs under the rated wind speed, the frequency disturbance 
has a little difference between Cases 1 and 2. More importantly, 
WTGs 1 and 2 could operate stably. 
Case 3: wind speed change 
Load power is constant as shown in Fig. 19(a), a transient 
wind is used in all WTGs as shown in Fig. 19(b), and the 
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Fig. 16.  Torque compensation waveforms when two WTGs participate in 
frequency regulation. 
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Fig. 18.  Power waveforms when two WTGs participate in frequency 
regulation. 
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Fig. 19.  Simulation results when speed changes. 
 
TABLE IV 
THE ACTIVE POWER CHANGES OF WIND FAREM 
Control Strategy 
min
,  (MW)e farmP  
max
,  (MW)e farmP  ,  (MW)e farmP  
MPPT 3.586 6 2.414 
Droop 3.532 5.4 1.868 
MPC 3.568 5.4 1.832 
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simulation period is 60 s. The simulation results are shown in 
Fig. 19. The wind speed change results in fluctuations of WTGs 
output power, and grid frequency is influenced. If MPPT 
control is applied to WTGs, frequency deviation is the largest 
due to less torque compensation. When frequency fluctuates, 
the deloaded WTGs with MPC and Droop control compensate 
torque to suppress frequency fluctuation. 
In Fig. 19(c), the torque compensations of deloaded WTGs 
with MPC in three periods exhibit strong anti-disturbance 
ability. The torque compensation performance with Droop 
control is weak and depends on parameters strongly. The WTG 
speed curves are shown in Fig. 19(d). In order to realize 
regulating smoothly between sections 2 and 3, the speeds of 
deloaded WTGs are stabilized at 1.05 pu when wind speed is 
above the rated value. Deloaded wind farm increases output 
when wind speed decreases, and vice versa. That is, the 
deloaded WTGs restrain output power fluctuation caused by 
wind speed. As shown in Fig. 19(e), wind farm output with 
MPPT control is reduced at 5 s, and deloaded wind farm output 
is not changed. In the two periods of 10 s - 25 s and 40 s - 60 s, 
the power fluctuations of the wind farm with MPPT control are 
larger than the deloaded wind farm. It can be seen that the 
deloaded wind farm with MPC is better than Droop control in 
inhibiting power fluctuation. The output power of wind farm 
with MPC is smoothened. When MPC is applied to wind farm, 
power fluctuation of diesel generator is smaller than the other 
two control strategies as shown in Fig. 19(f). The frequency 
deviation waveforms are shown in Fig. 19(g). The frequency 
deviation of deloaded wind farm with MPC is the least, which 
shows that MPC has stronger frequency suppression ability. 
Meanwhile, the active power change ΔPe,farm with different 
strategies of wind farm in 60 s are shown in Table IV. The 
ΔPe,farm with MPC is the smallest. Compared with Droop 
control, the wind farm with MPC has the advantages of 
inhibiting wind power fluctuation and anti-disturbance ability. 
In summary, the WTGs with MPPT control do not have the 
ability to regulate frequency. Compared with Droop control, 
the proposed deloaded WTGs with MPC have the advantages 
of inhibiting wind power fluctuation and anti-disturbance 
ability. 
B. Experiment 
Experimental platform is shown in Fig. 20. The platform 
mainly includes diesel generator, constant load, electronic load, 
one indoor WTG and RTLAB real-time simulator. The constant 
load is to imitate conventional load. Load change can be 
achieved by the electronic load. The WTG includes operating 
cabinet, grid connected cabinet and main control cabinet. The 
wind turbine simulation is realized by the PLC. The motor 
drives PMSG. Isolated grid voltage data is collected into 
RTLAB real-time simulator for obtaining frequency. Torque 
compensation controller is implemented in the RTLAB. Finally, 
torque compensation signals are sent to the PLC through analog 
interfaces. Technical parameters are shown in Table V. 
The frequency regulation dead zone is set at 0.18 Hz. When 
frequency deviation outside the dead zone, the torque 
compensation signals are enabled. Once frequency deviation 
restores to regulation dead zone, the present compensation 
value is held in the compensation controller. 
Case 1: Vw=13.5 m/s 
In order to compare control effects of different methods 
when load changes, constant wind speed is assumed, and 
experimental period is 10 s. At 4 s, load demand is increased by 
1.5 kW. The experimental results are shown in Fig. 21. 
The experimental results with MPPT control are shown in 
Figs. 21(a) and (b). When the load increases at 4s, frequency 
deviation dips (-0.64 Hz), the WTG output power is about 10 
kW. The output power change of diesel generator is the most. 
The deloaded WTG output power is 9 kW and the power 
reserve is 1 kW. With Droop control, the deloaded WTG 
adjusts output power according to frequency deviation as 
shown in Figs. 21(c) and (d). The maximum output power is 
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Fig. 20.  Experimental platform. 
TABLE V 
PARAMETERS OF ISOLATED GRID 
System Parameters Values 
Diesel generator Rated power 10 kW 
 Rated frequency 50 Hz 
Constant load Rated power 5.5 kW 
Electronic load Rated power 10 kW 
Wind turbine Rated speed 12 m/s 
PMSG Rated power 10 kW 
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Fig. 21.  Experimental results when Vw=13.5 m/s. 
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about 9.34 kW and the frequency deviation is reduced to -0.52 
Hz. With MPC control, the maximum output power is about 
9.45 kW, and the minimum frequency deviation is -0.48 Hz as 
shown in Fig. 21(f). When the load changes, the power 
compensation of WTG to the isolated grid is the largest, and the 
output power change of diesel generator is the smallest. The 
anti-disturbance ability of isolated grid is enhanced. 
Case 2: wind speed change 
Wind speed is shown in Fig. 22(a), load capacity is constant, 
and experimental period is 100 s. Experimental results are 
shown in Fig. 22. To restrain frequency fluctuation caused by 
wind speed change, WTG increases output power when wind 
speed decreases, and vice versa. Experimental results with 
MPPT control are shown in Figs. 22(a) and (b). WTG has no 
torque compensation, the minimum of Pe is 6.4 kW, and the 
minimum frequency deviation is about -0.6 Hz. The output 
power in Fig. 22(c) is compensated by Droop controller. The 
minimum of Pe is 6.4 kW, and the minimum frequency 
deviation is about -0.48 Hz. With the proposed MPC controller, 
change of Pe in Fig. 22(f) is smaller than other controllers. The 
minimum of Pe is 6.6 kW, and the minimum frequency 
deviation is about -0.44 Hz. It can be seen that the proposed 
torque compensation controller has a good effect on the power 
variation. The torque compensation abilities with MPC control 
are stronger than that of Droop control. The frequency change 
with MPC controller is the smallest. 
Compared with simulation results, there are some 
oscillations in the experimental results, especially in the 
frequency restoring period, however, the overall trends are 
consistent. The oscillations could be caused by the weak 
mechanical system of the diesel generator. 
VII. CONCLUSION 
The proposed frequency regulation strategy of WTGs is 
implemented by coordination of generator-side converter, pitch 
system and torque compensation controller of a wind farm. The 
effectiveness of the proposed strategy is confirmed by 
comparison with two traditional strategies. The proposed 
strategy can be used for wind farm to participate in frequency 
regulation. The improved deloading method provides WTGs 
reasonable power reserves in each speed section. It is shown 
that frequency regulation ability in the high wind-speed section 
is stronger. New speed reference for the pitch system can avoid 
power oscillation of WTG. The MPC controller generates 
torque compensations for each deloaded WTG and has the 
ability of frequency prediction. The presented MPC controller 
not only enhances frequency regulation ability, but also 
smoothens wind farm output power and minimizes active 
power fluctuations. In addition, the dependence on system 
parameters for regulating frequency is reduced by MPC. 
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